The neurons that accumulate f)/ A4 amyloid protein precursor (APP) after transient cerebral ischemia were characterized by comparing their distribution with those destined to suffer delayed neuronal death or those with induction of 72-kDa heat-shock protein. With immu nohistochemistry of APP in gerbil brains, no alterations were detected after ischemia for 2 min and subsequent reperfusion for up to 7 days, whereas after ischemia for 3 min and reperfusion for 48 h, a small number of neurons, intensely immunoreactive for APP, were found to be scat tered in the CAl subfield of the hippocampus and the layer V /VI of the frontoparietal cortex. After reperfusion for 24 h following ischemia for 5 or 15 min, a large number
The amyloid I3/A4 precursor protein (APP) ap pears to be the prim�ry source of l3-amyloid that accumulates abberantly in the brains of patients with Alzheimer's disease (Glenner and Wong, 1984) . To date, at least four distinct precursor pro teins have been identified, some of which include a serine protease inhibitor insert (Kitaguchi et aI., 1988; Tanzi et aI., 1988; Golde et aI., 1990) . Based on in vitro studies, several putative functions have been ascribed to APP, including protease inhibitor activity (Van Nostrand and Cunningham, 1987; Kitaguchi et aI., 1988) , neurotrophic activity (Araki et aI., 1991) , a receptor function (Nishimoto et aI., of densely stained neurons appeared in the subiculum, and CA3 subfield of the hippocampus, and layers III and V /VI of the frontoparietal cortex. The majority of these neurons did not undergo delayed neuronal death after reperfusion for 72 h and thereafter. APP and heat-shock protein were upregulated in the same regions, but mostly in distinct neurons. These results indicate that APP ac cumulates in the neurons marginating the regions des tined to die, and the majority of these neurons seem to survive after ischemic insult. Key Words: Amyloid f)/A4 protein precursor-Cerebral ischemia-Delayed neuro nal death-Gerbil. 1993), and a role in cell adhesion (Schubert et aI., 1989) or growth regulation (Saitoh et aI., 1989) .
Recently it was demonstrated that the promoter area of the APP gene contains a heat-shock consen sus element (Salbaum et aI., 1988; Violette et aI., 1992) and mRNA for APP is inducible after heat shock treatment in culture (Abe et aI., 1991b) . In in vito studies, upregulation of APP has been ob served in neurons or glial cells after various brain damages, including needle stab injury (Otsuka et aI., 1991) , injection of kainic acid or colchicine (Siman et aI., 1989; Shigematsu et aI., 1992) and focal cerebral ischemia (Abe et aI., 1991c; Stephenson et aI., 1992) . Our recent report (Wakita et aI., 1992) has revealed a marked intensification of APP-Iike immunoreactiv ity (APP-LI) after transient global ischemia for 5 or 15 min in neuronal cell bodies in the subiculum, the CA3 subfield of the hippocampus, and layers III and V /VI of the cerebral cortex. These regions spared the most vulnerable CAl region and seemed to partially correspond to those where 72-kDa heat-shock protein (HSP72) is induced after transient global ischemia (Vass et aI., 1988; Gonzalez et aI., 1991; Simon et aI., 1991) .
To further characterize neurons with intense APP-LI, their regional distribution was investigated after various lengths of ischemia and subsequent reperfusion, and compared with the regions that ex press HSP72 or were destined to suffer delayed neuronal death. The results suggested that the ma jority of neurons intensely immunoreactive for APP survive after ischemic insult and are mostly differ ent from the neurons that express HSP72.
MATERIAL AND METHODS

Male Mongolian gerbils (Meriones unguiculatus)
weighing 50-60 g were used for the present study. Each gerbil was allowed free access to food and water before and after surgery. Under inhalation anesthesia with ether, the common carotid arteries were exposed bilaterally in the neck and occluded by miniature Mayfield aneurysmal clips for 2, 3, 5, or 15 min. During the surgical procedure, the body temperature of the gerbils was monitored and maintained between 36.5 and 37SC. They were deeply anesthetized with sodium pentobarbital after survival for 24, 48, 72 h, and 7 days following ischemia for 2 or 3 min, or for 3, 12, 24, 72 h, and 7 days following ischemia for 5 or 15 min, and perfused transcardially with 0.0 1 M phos phate buffered saline (PBS), followed by a fixative con taining 4% paraformaldehyde (PF A) and 0.2% picric acid in 0. 1 M phosphate buffer (PB, pH 7.4). Four gerbils were used for each ischemic and postischemic period. Four sham-operated gerbils were used as nonischemic con trols. Brains were immersed for 12 h in 4% PFA in 0. 1 M PB (pH 7.4), and stored in 15% sucrose in 0. 1 M PB (pH 7.4). For double-labeling immunohistochemistry, gerbils subjected to each ischemic period and subsequent reper fusion for 24 h were perfusion-fixed with 4% PF A in 0. 1 M PB (pH 7.4) and postfixed for 3 h as descried previ ously (Vass et aI., 1988) . Serial sections were cut either in a cryostat or vibratome and reacted with either monoclo nal antibodies recognizing HSP72 (Amersham, 1:2,000) or an epitope located between amino acids 60-100 in the N -terminal part of APP (Weidemann et aI., 1989 ) (Boeh ringer-Manheim; 1 :4, 000) or polyclonal antiserum raised against recombinant amino-terminal 592 residues of APP fusion protein (APP592, a generous gift from Dr.
Y. Tokushima, Asahi Chemical Industry Co. 1 :20,000) for 24 h in a free-floating state. Specificity of staining with the poly clonal antiserum was established by disappearance of specific staining after preabsorbing the serum with 0.2 fJ.-M of recombinant amino-terminal 592 residues of APP, or substituting with nonimmunized rabbit serum. The sec tions were subsequently incubated with an appropriate secondary antibody (1 :200) for 1 h and avidin-biotin per oxidase complex solution (1: 100) for 1 h. After each in cubation, they were washed for 15 min with 0.0 1 M PBS containing 0.3% Triton X-I00. Finally, immunoreaction products were visualized in a mixed solution of 0.02% 3, 3'-diaminobenzidine tetrahydrochloride (DAB), 0.3% nickel ammonium sulfate, and 0.005% H202 in 0. 05 M Tris buffer (pH 7.6). For double-labeling immunohistochemis try (Shigematsu et aI., 1992) , the first staining cycle for J Cereb Blood Flow Metab. Vol. 14, No. 4, 1994 HSP72 was colorized for 30 min with a solution of 0,02% DAB, 0.6% nickel ammonium sulfate, and 0.00005% H202 in 0.05 M Tris buffer (pH 7.6). After incubation in 1% H202 in 0.05 M Tris buffer (pH 7.6) for 1 h, the sec tions were processed for the second staining cycle for APP and colorized for 5 min in 0.02% DAB and 0. 1% H202 in 0.05 M Tris buffer (pH 7.6). The rest of the sec tions were mounted on glass slides and stained with he matoxylin for the evaluation of neuronal necrosis.
RESULTS
In sham-operated gerbils, neurons with APP-LI were distributed widely in the central nervous sys tem (Figs. lA, 2A, 3A, 4A). The immunoreaction products were granular and concentrated in the pe riphery of the neuronal perikarya. Faint staining of the neuronal processes was occasionally encoun tered. In the hippocampus, interneurons were more intensely stained for APP than the pyramidal neu rons.
Ischemia for 2 or 3 min
After ischemia for 2 min, no alterations occurred in the distribution of APP-LI up to 7 days of reper fusion. Hematoxylin staining disclosed no neuronal necrosis in, any part of the brain.
In gerbils subjected to ischemia for 3 min, inten sity of the immunohistochemical reaction for APP did not change until 24 h of reperfusion ( Fig. lB) . Intensification of APP-LI was consistently seen in the neuronal perikarya in the hippocampal CAl subfield and the layer VI of the frontoparietal cor tex after reperfusion for 48 h (Figs. lC, 4B). Stain ing intensity of these neurons was distinct from background staining in the frontoparietal cortex, but less notable in the hippocampal CAl subfield. After reperfusion for 72 h, the neurons with intense APP-LI disappeared from the cerebral cortex but remained in the CAl subfield ( Fig. lD) . They were not observed in the frontoparietal cortex and CAl subfield of the hippocampus after reperfusion for 7 days. Hematoxylin staining revealed scattered ne crosis of pyramidal neurons in the subiculum-CAl subfield of the hippocampus (the region between the subiculum and the medial CAl subfield) in two gerbils (Figs. IE, IF) , and the subiculum-CAl and the medial CAl subfields in two gerbils after reper fusion for 7 days.
Ischemia for 5 or 15 min
In gerbils subjected to ischemia for 5 min, the neurons with intense APP-LI consistently appeared in the layers III and V IVI of the frontoparietal cor tex after reperfusion for 12 h; however, they were observed in the CA3a and CA3b subfields of the hippocampus in two of three gerbils (Fig. 2B) . After reperfusion for 24 h, they were present invariably in FIG. 1. Photomicrographs of immunohistochemical staining with APP592 in the hippocampal CA1 subfield (A-D) and hema toxylin staining in the subiculum-CA1 and medial CA1 subfield of the hippocampus (E, F). Gerbils were subjected to sham operation (A, E), reperfusion for 24 h (B), 48 h (C), 72 h (D), and 7 days (F) following ischemia for 3 min. Arrow in (F) indicates the border between the subiculum-CA1 and medial CA1 subfield of the hippocampus. Original magnification, x 1 00 for (A-D) and x 25 for (E, F).
the subiculum and CA3a and CA3b subfields of the hippocampus (Figs. 2C, 3B ) along with the den drites in the stratum radiatum, the efferent axons in the stratum oriens that showed notable varicose swelling (Fig. 2C) . A small number of these neurons seemed to be located in the border between the CAl and the CA3 subfields (CA2 subfield). In the fron toparietal cortex, they were in layers III and V!VI (Fig. 4C ). After reperfusion for 72 h, the number of neurons with intense APP-LI decreased in the ce rebral cortex and in the hippocampus where they were confined to the CA3b subfield (Fig. 2D ).
In gerbils subjected to ischemia for 15 min, the temporal profiles of the distribution of neurons with intense APP-LI were comparable, but more numer ous than those after ischemia for 5 min (Figs. 4D,  5) . The polyclonal and monoclonal antibodies gave identical results, with a more intense staining seen with the poly clonal antibody. Hematoxylin staining revealed that the majority of neurons underwent necrosis in the pyramidal layer of the whole CAl subfield of the hippocampus after ischemia for 5 or 15 min and subsequent reperfusion for 72 h and thereafter (Figs. 3C, D) . 
Double Labeling Immunohistochemistry
Neurons immunoreactive for HSP72 were ob served in the vulnerable areas including the hippo campus and the cerebral cortex. They were more numerous in the CAl subfield than the rest of the hippocampus after ischemia for 2 or 3 min and sub sequent reperfusion for 24 h, and in the subiculum and the CA3 subfield after ischemia for 5 or 15 min (photo not shown). In the cerebral cortex, the HSP72 immunoreactive neurons were mostly dis tributed in layer II1Il1 and partly in layer V, whereas neurons with intense APP-LI were mostly in layers V!VI. These neurons appeared to be dif ferent from each other (Fig. 6A ). In the hippocam pus, the neurons with intense APP-LI again differed from those immunoreactive for HSP72 in the hip pocampus, although they were distributed in the same regions (Figs. 6B, C) . Nuclei of the neurons with intense APP-LI were occasionally notched and dislocalized to the periphery of neuronal cell bodies (Fig. 6B, C) .
DISCUSSION
Evolution of neuronal death in the present study was in accordance with those of previous reports, J Cereb Blood Flow Metab, Vol. 14. No.4. 1994 which have disclosed a selectiv� vulnerability of the hippocampus, the layers III and V of the cerebral cortex, ventrolateral part of the thalamus, and the lateral caudate putamen (Brierley, 1976; Yanagi hara et al., 1985; Hatakeyama et al., 1988; Mitani et al., 1991) . In the hippocampus, the CAl subfield and dentate hilus are most vulnerable to ischemic insult, while the CA3 subfield and the subiculum are relatively resistent.
Regional alteration of APP-LI in the present in vestigation was dependent on the length of isch emia. In normal gerbil brains, the distribution of APP-LI was compatible with that in previous re ports by us on the gerbil (Wakita et al., 1992) and by others on the rat (Card et al., 1988; Kawarabayashi et al., 1991) . After ischemia for 3 min, neurons with intense APP-LI were observed in the CAl subfield of the hippocampus, most of which did not develop neuronal necrosis. After ischemia for 5 and 15 min, on the contrary, they spared the CAl region which is destined to die, and were distributed in the subic ulum and CA3 subfield. The changing pattern of distribution suggests that the neurons intensely im munoreactive for APP appear in the regions mar ginating those destined to die and, therefore, the majority of these neurons seem to survive after ischemic insult, although some may die because APP accumulation may involve the vulnerable CA2 subfield, and some neurons have been shown to die even in the CA3 region after prolonged ischemia (Hatakeyama et aI., 1988) . In the cerebral cortex, the neurons intensely immunoreactive for APP ap peared most noticeably in the less-vulnerable layer VI as compared with the induction of HSP72 which is most noticeable in the middle cortical laminae of layers II-V (Li et aI., 1992) .
J Cereb Blood Flow Metab. Vol. 14, No. 4, 1994 Although HSP have been postulated to provide a shield for various noxious stimuli, including hyper � thermia, in cultured cells (Landry et aI., 1982; Li and Werb, 1982) and light damage in the retina (Barbe et aI., 1988) , their neuroprotective roles re main unknown (Chopp et al., 1991; Takemoto et al. , 1991; Kato et aI., 1992) . Several laboratories have described the induction of HSP72 predominantly in the most vulnerable CAl of the hippocampus after a brief ischemia and in the less-vulnerable regions af ter prolonged ischemia (Vass et aI., 1988; Gonzalez et aI., 1991; Kirino et aI., 1991; Simon et aI., 1991) . These changing patterns of regional distribution of the HSP-and intensely APP-immunoreactive neu rons seem to indicate expression of these proteins mostly in surviving neurons and, therefore, an as sociation with neuronal recovery. In line with the present results, a recent immunoblotting analysis has revealed that a decrease of APP occurred in rat hippocampus that was doomed to develop delayed neuronal death after transient ischemia for 30 min (Robinson et aI., 1993) .
In consideration of the heat-shock inducible na ture of APP (Abe et aI., 1991b) and the presence of a heat-shock consensus element in the promoter re gion of the APP gene (Salbaum et aI., 1988; Violette et aI., 1992) , it is tempting to speculate that neurons respond to ischemic stress by promoting production of APP along with HSP72. Increased synthesis of APP has been implicated after lesioning of the nu cleus basalis of Meynert (Wallace et aI., 1991) . However, the previous results on the amount of mRNA after lesioning are not consistent. mRNA for APP increased after focal cerebral ischemia (Abe et aI., 1991c) and axotomy (Scott et aI., 1991) . Conversely, after transient global ischemia, mRNA of HSP but not of APP was induced (Abe et aI., 1991a) . Because APP and HSP were expressed mostly in dissimilar neurons in the present investi gation, it seems unlikely that upregulation of APP synthesis triggered by ischemic stress is the primary reason for APP accumulation.
Disturbance of neuroplasmic transport and sub sequent accumulation of APP in the neuronal perikarya were implicated by the immunohisto chemical visualization of the axons and dendrites. Intense staining in the neuronal processes was ob served after intraventricular injection of colchicine, a drug that disrupts neuroplasmic transport (Schu bert et aI., 1972; Wilson, 1986) . Therefore, APP may accumulate in axons and subsequently in neu ronal perikerya, because APP has been shown to undergo fast anterograde axonal transport (Koo et aI. , 1990) .
The present results indicated that the majority of neurons with intense APP-LI survive after ischemic insult, and therefore may have some implications for Alzheimer's pathology. Accumulation of I3/A4 protein in punch-drunk syndrome of boxers and af ter head trauma suggests a relation of Alzheimer's disease to brain damage (Roberts et aI., 1990 (Roberts et aI., , 1991 . It is possible that abnormal processing of APP in the endosomal-lysosomal pathway may be triggered by an aberrant expression of APP after brain damage, as claimed in a recent report (Hardy and Higgins, 1992) . However, further investigation is needed to test this hypothesis because the CA3 region of the hippocampus and layer VI of the cerebral cortex, which exhibit the most marked accumulation of APP, are the regions relatively free of pathologic hallmarks of Alzheimer's disease (Amaral, 1987) .
